th percentiles birth weight by sex and gestational age were made using 11,861 male and 10,646 female twin newborns with gestational age 26-42 weeks. Separate birthweight percentiles curves for male and female twins were constructed. In summary, our study firstly presents percentile curves of birthweight by gestational age for Chinese twin neonates. Further research is required for the validation and implementation of twin birthweight curves into clinical practice.
Several population-based studies have documented a strong temporal increase in the frequency and rate of multiple births 1, 2 . Currently, twin births account for 2-4% of all births worldwide [3] [4] [5] . Twin pregnancies, in comparison with singletons, are at higher risk of fetal anomalies 6 , preterm births 7 , and perinatal morbidity and mortality, as well as long-term disability [8] [9] [10] , largely because of prematurity and fetal growth restriction 11 . The optimal fetal growth in twins remains inadequately defined 12 .
The average birthweight of twins is significantly lower than singletons beginning around week 30 to 32 13 . Thus, if the growth trajectory of twins is followed on a singleton reference, the normal deceleration of growth in twins may be interpreted as pathological slowing 3, 10, 14 . Furthermore, increasing evidences that optimal birth weights are lower for twins than for singletons support the use of different reference charts to assess the growth of twins 15 . Therefore, many efforts have been made by researchers toward developing twin-specific growth curves.
So far, birth weight standards for twins have been published and updated in several countries including Argentina, Australia, Canada, Japan, Norway and Taiwan 11, [16] [17] [18] [19] . By contrast, this reference has not yet been established in China. In this study, we attempted to construct up-to-date, gestational age specific birth weight references based on data from a population-based, local birth surveillance system in Wuhan, a city located in center China.
Results
The mean gestational age and birthweight were calculated according to sex, sex combination within the twin pair, method of delivery, birth order, parity, presence of preterm birth, and low birthweight as represented in Table 1 . Having a male, unlike-sexed pairs, twins delivered by caesarean section, or first born twin individuals were found to have heavier birthweight. Females and caesarean section delivery twins had longer mean gestational ages. Over half of the twins were preterm or exhibited low Birthweight. Figure 1 shows a comparison of the 50 th percentile of birthweight by gestational age between singletons and twins. For all gestational ages twins births had significantly lower birthweight than singletons (P < 0.001). This Scientific RepoRts | 6:31290 | DOI: 10.1038/srep31290 difference increased with increasing gestational age from 32 weeks. The minimum average divergence of birthweight was 58 grams at 32 weeks, while the maximum divergence of birth weight was 900 grams at 42 weeks.
Smoothed reference curves for birthweight by gestational age of the 3 Tables 2 and 3 , respectively. At all gestational ages, the median birthweight of male twins were higher than that of females, and the average difference through each gestational week was about 83.7 grams.
We also compared the reference curves of birthweight for Wuhan twins with that of Japan 20 and Australian 17 twins (Fig. 3A,B) . Overall, the 10 th and 50 th percentile curves of Wuhan twins were similar to the Australian curves until at the 36 th week of gestational age in both sex, and the 90 th birthweight percentile of Wuhan twins shows slightly heavier than that of Australian twins from 26 to 36 weeks. However, the Wuhan curves are Means both unlike-sexed and like-sexed male compared to like-sexed female, P < 0.01.
b Means unlike-sexed compared to like-sexed male, P < 0.01; * * P < 0.01. significant below Australian curves after 37 weeks of gestational age. Meanwhile, the 10 th , 50 th , and 90 th percentiles birthweight of the Japan curve were significantly lower than that of Wuhan's from 26-40 weeks of gestational age in both sexes.
Discussion
This paper presented sex-specific twin birthweight references between 26 and 42 weeks of gestation, based on a cross-sectional study of city-wide population in Wuhan, China, during 2006-2015. This study is the first to provide gestational-age-specific weight references for twins in the center China area. Although this study concerned primarily with the Wuhan population, these references should be considered meaningful for a majority of twin infants in the center China provinces (specifically, Hunan, Anhui, Henan, Jianxi, Chongqin), due to the homogeneity of their ethnic (predominantly Han), economic, geographical, and other features that had potential impact on birthweight distribution. Since more than 99.0% of all living twin births in Wuhan during that period were included in this analysis, we believe our data can represent the entire Wuhan population. Thus, these gestational-age-specific birthweight percentile charts are helpful as references for neonatal health care professionals and researchers to identify the high risk neonates who require more intensive observation and special care. However, it is important to note that percentile charts do not represent fetal growth standards in utero but weight at birth 21 . Several population-based studies globally have documented a strong increase in the frequency and rate of multiple birth 2, 22 . In particular, the rate of twinning has increased by 75% over the last 3 decades in the US 23 . Similar temporal increases in the rate of twinning have been documented in other industrialized countries, including Canada (from 18.0 per 1000 in 1981 to 23.1 per 1000 in 1997-a relative increase of 28%), England and Wales (from 19.4 per 1000 in 1982 to 27.3 per 1000 in 1997-a relative increase of 41%), and France (from 19.5 per 1000 in 1982 to 28.3 per 1000 in 1997-a relative increase of 45%) 24 . Data from other industrialized countries, including Australia, Austria, Finland, Japan, Norway, Singapore, Sweden, have also shown similar increases in the rate of twinning 25 . Lastly, the incidence of twins increased from 0.6% during 1954-1964 to 2.5% from 1998 to 2002 in Taiwan 26 . Our study also found a strong increase in the frequency and rate of twin birth (from 18.0 per 1000 in 2006 to 39.0 per 1000 in 2015-a relative increase of 1.16 times). Considering this increasing trend of twin births and the absence of a localized birthweight reference for twin neonates, we developed these specific twin birth weight curves. These curves will be particularly useful for assessment of birth weight of twin births.
When compared with their singleton counterparts, the mean birthweight for twins falls below that of singletons at every gestational age. However, this difference is small up to 35 weeks (an average divergence of < 130 g). From 35 weeks of gestation, the mean birthweight for twins falls increasingly below that of singletons. Our result is comparable to other studies that also reported similar findings. A population-based study of twins from England showed that the divergence may occur as early as 24 weeks of gestation; a time at which singletons were 100 gram heavier than twins on average 27 . Another register-based study 28 and two large population-based studies in US 13 and Norway 11 showed that the divergence occurred from the gestational age of 30 weeks. However, another study by Naeye et al. 29 revealed that the divergence occurred from 33 weeks, while Min et al. 30 did not find any significant difference between the birthweight of twins and singletons until 36 weeks of gestation. Additionally, our data indicated that birthweight for twins peaked at 40 weeks and then declined 2 weeks earlier than the peak birthweight for singletons. The greatest divergence in mean birthweight was at 42 weeks, which was 900 gram below singletons. The discrepancy of birthweight for twins and singletons after a certain weeks of gestation (i.e. 35 weeks in our study) might be a reflection of the negative in-utero conditions such as intrauterine constraint and/or placental insufficiency, which further resulted in accelerated physiological maturation 21, 31 . If so, the earlier birthweight peak in twins than singletons would make sense.
It is well known that there are racial and ethnic differences in birthweight. A comparison of twin birthweight data from Australia, United States, The Netherlands, Japan, and South Korea showed the total phenotypic variances of birthweight were about 45% larger in Caucasians than in East Asians. The largest phenotypic variances were mainly attributable to a greater shared environmental (include gestational age, the physical and physiological characteristics of the uterine environment, and the genotype of the mother who provides the uterine environment) variance of birthweight in Caucasians (ranging from 62% to 67% of variance) than Asians (48% to 53%) 32 . These findings underline the importance of developing ethnicity specific references for birthweight.
So far, reference birthweight was also developed from population-based data in other countries such as Norway, Australia, Belgium, Israel, and Taiwan etc 11, 17, 26, 33, 34 . To understand the difference of the birthweight distribution between Asian and Caucasians twins, we compared the 10 th , 50 th , and 90 th birthweight percentile curves of twins made by our data to those of Asian twins (i.e. Japanese) and Caucasian twins (i.e. Australian). When compared with Australian reference of percentile curves, we found the Chinese reference value were slightly higher in preterm twins but significantly lower in term twins. However, when compared with Japanese reference, all the 10 th , 50 th and 90 th percentile reference values of Chinese twin were completely higher than that of Japanese twins in both sexes. The data that used to produce the percentiles of birthweight in other studies were not update to the same time period as in our study. This difference in time period when the measurements were taken may be a main contribution to the differences observed between our study and studies from other regions. For example, the socioeconomic status in difference periods is one of the major contributors to the variation of newborns' birthweight over time 35 . Another factor that could account for the differences between our and other studies is race-specific influences as discussed above 32 . Therefore, the references of birthweight percentiles by gestational age should be formulated while keeping racial differences in mind and should be updated every 5-10 years.
In this study, we set strict exclusion criteria and excluded extreme outliers. The abnormal birthweight of malformed fetuses or stillbirths may indicate an early death with a birthweight not corresponded to the gestational age. For some births, reported gestational age and birthweight combinations were implausible, especially very high birthweight recorded for some preterm infants. Those exclusion criteria enable a fair comparison with other current birthweight standards, most of which are based on livebirths, and provide birthweight references for the risk assessment of neonatal and infant mortality and morbidity.
There are some limitations in the present study. Firstly, the data in WBRIS were obtained from different centers which probably added an inter-center variance. Furthermore, Birth records in this study were collected within a long period. The environment of pregnant women including socioeconomic status, diet and nutrition had a remarkable improvement in Wuhan from 2006 to 2015. During the last decade, the rate of twining pregnancy had increased from 1.8% to 3.9%, while the average maternal age at childbirth was raised from 27.3 (4.7) year old to 30.1 (5.7) year old. These changes indicated that twin births due to assisted conception are becoming more popular. Besides these changes, the rate of preterm birth had also increased from 38.7% to 62.0%. On the other hand, the prevalence of neonatal death (from 1.5% to 0.4%) and stillbirth (from 3.5% to 2.2%) decreased significantly during this time period (data not shown), which indicates increasing preterm and low birthweight twins survival. Consequently, these changes may have skewed cutoff values toward lower weights in the percentile charts. Unfortunately, we did not collect data with regard to environmental conditions of pregnant women including socioeconomic status, diet, or nutrition. Thus, we could not directly analyze the association between environmental changes and birthweight distributions. Secondly, like other population-based studies, our data is cross-sectional nature based on birth registration rather than longitudinal measurement of the same fetus over the course of gestation. Thus, preterm infants may be somewhat smaller that fetuses of the same gestational ages who remain in utero 36 . Thirdly, the relative small sample size at the lower limits of gestation age may decrease the validity of our results.
In summary, our study was the first to present percentile curves of birthweight by gestational age for Chinese twin neonates using a ten-year population-based dataset. Twin specific birthweight curves are important for obstetricians to predict the birth weights of twins. Pediatricians can use these curves to situate the birthweight of the individual twins by gender in relation to other twins. However, further research is required for the validation and implementation of twin birthweight curves into clinical practice. Only when this condition is satisfied, twins at risk of perinatal morbidity and mortality can be identified.
Material and Methods
Twin population. Wuhan is the capital and largest city of Hubei province in the center of mainland China Each record in the database of WBRIS contained information on parent's residential address, birth outcome (Live Birth, Still birth, Died within seven days after delivery, and presence of congenital anomalies), parity (Primary or Multiple), plurality (Singleton, Twin, Triplet, etc), modes of delivery (vaginal delivery or caesarean section), as well as infant's sex, gestational age in complete weeks, birth weight, body length, chest circumference, and head circumference. Specifically, gestational age in complete weeks was determined primarily through last-menstrual-period (LMP) estimation, and estimates from the last ultrasound scan before delivery (usually at the second or third trimester). These two methods were cross-referenced when available. Stillbirths have been recorded in the WBRIS since 16 weeks of gestation. The birthweight of each neonate is measured twice to the nearest of 0.1 gram within 24-hour after the childbirth.
Study Sample. The inclusion criteria for this study are twin births, a birthweight greater that 400 grams, and a gestational age at least 26 weeks. Only liveborn twin individuals were included in the preparation of birthweight percentiles. We excluded non-live twin births (stillbirth and those that died within seven days after delivery) (2.93%) and births with congenital anomalies (0.7%). Lastly, we excluded extreme birthweight outliers (0.3%) (defined as values three-time the standard deviation (SD) away from the mean of twin births born at the same gestational age in weeks). After all exclusion criteria, 22,507 births of twin individual remained in the data set, Statistical analysis and creation of percentile curves. All data were analyzed by using SAS, version 9.2 (SAS Institute, Inc., Cary, NC, USA). The percentile values for birthweight were analyzed using gestational age by sex. Differences were considered to be significant at the 0.05. The significance of differences in mean values of gestational age and birthweight was statistically analyzed using Students' t-test for two groups and ANOVA for three groups or more. We estimated and presented in percentiles the distribution of birthweight for each 1-week increment of gestational age from 26 to 42 weeks (twin births born beyond 42 weeks of gestational age were combined into one group because of small sample size of each strata).
Furthermore 37 . LMS approach initially estimates the three parameters of Box-Cox transformation of the distribution of the measurement. The L determines a nonlinear transformation of birthweight, such that its distribution approximates the normal distribution. The M stands for the mean of that normal distribution, and S for the coefficient of variation. The three parameters are constrained to change smoothly as the covariate changes. L, M, and S correspond to the following formulas: Z = [(X/M) L − 1]/LS, where X indicates the measured value of birth weight; and the centile = M* (1 + L* S* Z α ) 1 
